Re-use of this article is permitted in accordance with the Terms and Conditions set out at http://wileyonlinelibrary.com/onlineopen#OnlineOpen_ Terms Affymetrix, Santa Clara, CA); all of these tests were negative. Meanwhile, linkage analysis specific for the X chromosome was performed and four candidate regions segregating in all family members with microcephaly were identified. Bioinformatic analysis indicated CASK as a good candidate gene for microcephaly. However, Sanger sequencing of the CASK coding region did not reveal any pathogenic mutations. We, therefore, employed "whole exome sequencing" (Illumina platform) to perform an unbiased analysis of the functional portion of the genome in the two affected brothers. We first examined the genes on the X chromosome but did not find any potential mutation for the observed phenotype. Subsequent analysis of the other chromosomes revealed unexpected findings on chromosome 1. The two brothers each carried a frameshift and stop mutation leading to truncations (c.3796G > T, p.E1266X and c.7815_7816del, p.E2605fs) in the ASPM gene (abnormal spindle-like microcephaly-associated; MIM#605481). This gene is known to be responsible for autosomal recessive primary microcephaly (MCPH; 2, 3). Segregation analysis performed by traditional sequencing identified the stop mutation in the sister (III-8). The frameshift mutation was identified in the mother (II-5) and in all family members (II-2, II-4, III-3, III-6) with microcephaly, as well as in a family member with normal head size (IV-1; Fig. 1b) . ASPM is one of the seven genes associated with MCPH, a very rare disorder characterized by reduced head circumference at birth with variable degrees of ID (2) . Initially found in consanguineous Pakistani families and later identified in Caucasian MCPH cases, ASPM mutations rarely cause microcephaly in the heterozygous state (2, 4, 5) .
This case study shows that strategies employing formal genetics could be, in some cases, misleading and that unbiased methods, such as whole exome sequencing, can lead to a rapid genetic diagnosis. In fact, the analysis of the pedigree led us to hypothesize an X-linked semi-dominant inheritance causing microcephaly in females and microcephaly associated with ID in males. In order to test this hypothesis, we investigated genes on the X chromosome by linkage approach and conventional screening methods. At the end of these efforts, we planned to perform the analysis of • percentile); III-6 OFC of 52 cm (−2.1 SD) and height of 180 cm (>97 • percentile); IV-1 OFC of 52 cm (mean) and height of 120 cm (25-50
• percentile). Measurements have been taken in adult age for all subjects except for IV-1, who was 7 years old.
the entire X chromosome but, since the cost was similar to that of exome sequencing, we chose the latter approach. Exome sequencing data led us directly to the genetic diagnosis and to reconsider our hypothesis based on pedigree analysis, a phenomenon that could be called "reverse formal genetics". Furthermore, since MCPH is a genetically heterogeneous condition, exome sequencing would still represent the best diagnostic approach, allowing a faster and more cost efficient analysis as compared to traditional techniques. In summary, these results indicate that exome sequencing may supersede "linkage-plus-candidate-gene-sequencing" as an approach to identify relevant pathology-associated genes, even when pedigree analysis is strongly suggestive. Moreover, this case study emphasizes an important clinical point: heterozygous individuals for ASPM mutations may manifest microcephaly without serious cognitive dysfunction. Finally, results obtained by exome sequencing were timely because the microcephalic sister (III-8), carrier of the p.E1266X mutation, was actually in the 8th week of a pregnancy and had come to the Unit of Medical Genetics for prenatal counseling. Sequencing data allowed us to define a negligible risk of recurrence, instead of 25% based on our assumption of a semi-dominant X-linked condition.
